The great earthquake of 2011 triggered a tsunami that damaged large areas of paddy fields in northeastern Japan. In an effort to address the salt damage, supplementation of Ca-containing materials to exchange Na adsorbed on soil surface has been recommended. In addition, Si has also been shown to enhance paddy growth. Steelmaking slag, which contains a water-soluble solid solution phase of 2CaO·SiO 2 , can supply Ca and Si for soil remediation. In this study, the dissolution behaviors of nutrient elements from fertilizer made of steelmaking slag were investigated using the column test. In addition, crop cultivation experiments were also conducted using tsunami-damaged paddy fields. In column test, Ca content in soil solution increased by the application of fertilizer made of slag, but the Na content did not change significantly. These trends were also observed in the pore water of the actual paddy in crop cultivation experiments. In addition, the incremental trend of silicate content in the pore water by the application of fertilizer made of slag was more apparent than that in the column test. Paddy growth was enhanced and the yield of brown rice was increased by the application of fertilizer made of slag. In conclusion, the fertilizer made of steelmaking slag has the following three effects: (1) mitigating the damage caused by the Na ion through the supplementation of Ca, (2) enhancing the mineralization of soil N by increasing the pH, and (3) accelerating photosynthesis by the supplementation of silicate.
Introduction
The great earthquake of 2011 triggered a tsunami that damaged about 23 600 ha (2 360 km 2 ) of farmland along the northeastern coast of Japan, 90% of which was paddy field. The osmotic stress and ion stress caused by the increase of NaCl in the water, and the impairment of nutrient absorption resulting from the excess adsorption of Na and Cl are the harmful effects of seawater on the plant growth and called 'salt damage'. 1) In addition, the drainage properties of the soil are spoiled by the adsorption of Na exchanging with the adsorbed Ca, which destroys the soil's aggregate structure.
2) Measures to reverse salt damage include the desalting operations that repeatedly flood the paddy with fresh water and then drain it, and the supplementation of Ca-containing materials to exchange Na adsorbed on the surface of soil particles.
2) In addition, silica can also enhance rice growth 3) by suppressing Na adsorption. 4, 5) Therefore, supplementation of lime and silicate can aid the recovery of the damaged paddy soil after desalting operations.
Steelmaking slag contains water-soluble phases including free-CaO phase and solid solution phase consisting of 2CaO·SiO 2 and 3CaO·P 2 O 5 , also other solid solutions containing iron oxides. Therefore, slag supplies not only Ca and Si for soil remediation, but also micronutrients, including Fe. 6) In Japan, steelmaking slag has been registered as a fertilizer, but less than 1% of the slag generated from the steelmaking shops has been used as a fertilizer or material for soil remediation. 7) Based on these backgrounds, the Iron & Steel Institute of Japan (ISIJ) launched a project titled "Recovery of paddy fields damaged by the tsunami by the use of steelmaking slag" as part of the ISIJ innovative program for advanced technology in 2012. 8) In this project, current authors studied the dissolution behavior of Ca, Si, Fe, and other elements from various commercial fertilizers made of steelmaking slag in the actual paddy environment using the column test. 9, 10) In addition, with the cooperation of agricultural experts, the effects of applying a commercial fertilizer made of steelmaking slag to a damaged paddy field were investigated. 11) In this paper, on one hand, in order to clearly observe the dissolution behaviors of nutrient elements from fertilizer made of slag into soil environment, the results of column tests that been conducted for either 20 days or 40 days are described. On the other hand, the results of the crop cultivation experiments that been conducted in tsunamidamaged paddy fields for two years are also summarized. The fertilizer was applied at the first year, and to see the lasting effects the fertilizer was not applied at the second year. Then, by comparing the results by column tests and cultivation experiments, the capability of the fertilizer made of steelmaking slag to recover paddy soil damaged by the tsunami can be understood.
Experimental Methods

Dissolution Behavior in the Paddy Environment
9)
To evaluate the effect of fertilizer made of steelmaking slag, a new soil-filled column testing method was developed to simulate paddy field conditions. As the details of this experimental method have been explained in a previous paper, 9 ) the method will be described briefly here. As shown in Fig. 1 , the column was made using a vinyl chloride tube, and it consisted of 15 cm of a plow layer containing pore water and soil with fertilizer, along with 5 cm of a surface water layer. Every day, a water sample was collected from the bottom of the column, which was replenished with the same amount of air-saturated fresh deionized water. The soil that had undergone a desalting treatment was tested with and without fertilizer made of steelmaking slag. The soil was sampled from an actual paddy field in Osaki city, Miyagi prefecture (medium soil), which was not damaged by the Tsunami. Before the experiment, the soil was oxidized by air to simulate the initial condition before irrigation. After that, the soil was immersed in artificial seawater to simulate the Tsunami and the desalting operation (flooding and draining) was repeated until the electrical conductivity of the surface water had reached the standard value for planting. 12) Commercial fertilizer made of steelmaking slag was used and its composition is shown in Table 1 . The mass fraction of each mineralogical phase and the composition of each phase analyzed by Electron probe micro-analyzer (EPMA) is shown in Table 2 , where the phase fraction was calculated by mass balance which has been described previously.
13) The same amount of fertilizer made of slag as the standard application of silicate fertilizer for paddy field (200 g/m 2 , which was 9.6 × 10 − 4 g/1 g-wet paddy soil) 14) was used. In this paper, the soil without seawater treatment was called "original soil, OS," the soil after the desalting operation without fertilizer was called "desalted soil, DS," and the desalted soil with fertilizer made of slag was called "desalted soil with fertilizer, DS + F." The experiments of same conditions were conducted for either 20 days or 40 days. During the experiment, pH and ORP (oxidation and reduction potential) were measured, and the contents of Ca, Fe, Mg, Mn, Na, and Si in the sampled water were analyzed by using ICP emission spectrophotometer. The measured values of ORP were converted with respect to the normal hydrogen electrode (NHE). Before and after the experiment, the soil in the column was dried, and then the contents of exchangeable Na, Ca, and Mg were analyzed using a standard leaching method, 14) here, the exchangeable cations indicated the elements that adsorbed on the soil surface. In the leaching test, an aqueous solution with a neutral pH contained 0.05 mol/L of ammonium acetate and 0.0114 mol/L of strontium chloride was used.
Cultivation Experiments in the Paddy Fields
Crop cultivation experiments were conducted in a Tsunami-damaged paddy field in Fukuti district, Ishinomaki City, Miyagi prefecture, in 2012 and 2013. The paddy field was submerged by seawater at a depth of tens of centimeters, and was then covered with marine sludge brought by Tsunami at a depth of several centimeters. In the spring of 2011, rice cultivation experiment was started from desalting operation (flooding and draining). As shown in Fig. 2 , the paddy fields were divided into nine plots (20 m × 12 m in width), and each plot was separated by 1 m intervals. In 2012, 200 g/m 2 and 400 g/m 2 of fertilizer made of steelmaking slag, shown in Table 1 , were applied to three plots each, and to the other three plots, fertilizer made of slag was not applied. In 2013, fertilizer made of slag was not applied to any plot. In both 2012 and 2013, rice (Oryza sativa L. cv. Hitomebore) seedlings were planted in each plot in May. As a basal fertilizer, 3.6, 1.2, and 2.4 g/m 2 of nitrogen fertilizer (N), P 2 O 5, and K 2 O, respectively, were applied before planting using the organic fertilizer and another 1.3 g/m 2 of N was applied as an additional chemical fertilizer from late June to early July. In addition, this paddy field was sandy alluvial soil. During the cultivation period, the rice growth and the soil properties were measured every two weeks, and soil pH and cation contents in pore water were also analyzed. Pore water in the soil was sampled from a depth of 7 cm in the plow layer through a porous cup that was buried before planting. The sampled soil was air-dried and the concentrations of exchangeable cations and pH were measured. To measure the soil pH, the suspension was made by mixing the air-dried soil and demineralized water in a ratio of 1:2.5. To calculate the content of exchangeable cations, the mass of cations that were extracted by the water (mass ratio of water to soil was 1:5) was subtracted from what was extracted by the aqueous solution containing 1 M of ammonium acetate.
15) The cation contents were analyzed by an atomic absorption spectrophotometer.
The harvested rice grain was hulled and the brown rice of 1.7 mm or larger was collected using a multi-stage sieve apparatus. The yield was measured by correcting the water content to 15%. The quantity of absorbed nutrients in paddy was measured using the harvested samples of rice plant dried at 70°C for 48 h. The dried plant samples were crushed and digested with sulfuric acid and oxygen peroxide, 16) and the cation content was analyzed by atomic absorption spectrophotometry. The silicate content was analyzed by colorimetric method after being decomposed by HCl and HF. 17) For the statistical analysis, the software called "The R Project for Statistical Computing" was used and a multivariate analysis for the average value of each plot was conducted by Tukey method. 18) In each result, standard error is shown and the significant difference was determined by the statistically significant at the 5 percent level.
Results and Discussion
Dissolution Behavior in the Paddy Environment
As shown in Figs. 3 and 4, pH increased and ORP transitioned from oxidation to reduction over a period of 10 days. This trend in paddy soil is well known, 19) and it has previously been demonstrated by the column test.
9) As flooding prevents air from reaching the paddy soil, the active metabolism of anaerobic microorganisms consumes the oxygen in the soil, and ORP changes to a reductive condition, resulting in the reduction of Fe oxide in the soil that consumes H ions and increases the pH.
20)
The initial pH values of OS and DS were close to 4.0, and they increased over time until they reached approximately 6.0 after 30 days. In the case of DS + F, the initial pH increased to about 5.0 and remained higher than that of OS and DS, even after 30 days. The initial ORP value of OS and DS were about 0.55 mV, and they decreased with the application of fertilizer made of slag. In every case, ORP decreased over time, the trend accelerated by the application of fertilizer made of slag. The ORP value after 30 days was similar in each case. In Figs. 3 and 4 , the results of the experiments for 20 days and 40 days are shown, and consistent reproducibility under the same initial conditions was confirmed.
The changes in Na content in the sampled water of the experiments for 20 days and 40 days are shown in Fig. 5 . The Na content of OS was much lower than that of DS, though the Na level in DS decreased to about 150 mg/L after the desalting operation. The Na content decreased further through the exchange of water during the experiment, but the levels in DS and DS + F were still higher than OS after 40 days. The effects of the application of fertilizer made of slag were not clear, which may be a factor of the characteristics of the soil chosen for the experiment. The same soil was used as described in the previous paper, 9) with an initial Na content of about 500 mg/L. In current experiment, the desalting operation was repeated for seven times to reach the standard electrical conductivity, but in the previous experiment it was only repeated for five times. Due to the additional two times of flooding and draining, the initial Na content decreased from 500 mg/L to 150 mg/L. Therefore, the ratio of the adsorbed Na on the soil surface to the total Na was small for this soil. In this case, most of the Na was rinsed away by water so that the effect of the Ca supplementation on Na levels was difficult to determine. After 12 days, the Na content in DS tended to increase, reaching its local maximum around 25 days. In DS + F, the Na level also increased, and reached its local maximum sooner. These trends were similar to those observed in the previous paper 9) for the experiment lasting for 60 days using a fine soil.
The changes in Ca and Mg content in the sampled water of the experiments for 20 days and 40 days are shown in Figs. 6 and 7. The initial Ca content of DS was 100 mg/L or more lower than that of OS, because of the depletion of Ca by the desalting operation. After the application of fertilizer made of slag, the Ca content returned to the same level as OS after 7 days and reached a local maximum around 20 days, revealing the fertilizer's ability to supply Ca to the soil. The Mg content of DS was higher than that of OS, as it was provided by seawater. The application of fertilizer made of slag initially caused a modest decrease in Mg level, but after 25 days, no obvious difference was observed.
As described in a previous paper, 10) the concentration changes of Ca and Mg in the pore water are influenced by the change in cation exchange capacity (CEC), which depends on the pH and the content of Fe ions, where CEC indicates the total mass of cations that can adsorb on the soil particles. Figure 8 shows the change in Fe content in the sampled water. In the case of OS, the Fe content increased after 10 days and showed a local maximum after 20 days, but in DS, it peaked later, increasing after 15 days and reaching a local maximum after 30 days. When fertilizer made of slag was applied, the trend was similar to OS, but the Fe content after 20 days was higher. Based on the potential-pH diagram, Fe becomes soluble as Fe ion as ORP decreases from oxidation to reduction. 10) Therefore, Fe was not initially observed in the water because of the oxidation atmosphere, but when ORP changed from oxidation to reduction, Fe started to increase. However, Fe became insoluble as the pH increased under the reduction atmosphere. The balance of pH and ORP determined when the content showed a local maximum, and in the case of DS + F, ORP decreased faster and the reduction atmosphere was established earlier, compared to DS. For this reason, the Fe content in the sampled water increased earlier. In contrast, the difference between OS and DS could not be explained by the change in ORP, likely because the desalting operation resulted in the depletion of Fe.
The mechanism of the concentration changes of Ca and Mg has been discussed in a previous paper, 10) and the same phenomenon was observed with Na in this experiment, as will be described here. In the initial stage, as CEC increased with the rise of pH, 22) the absorbed Na, Ca and Mg increased but the dissolved Na, Ca and Mg decreased. In addition, Fe was difficult to be dissolved because of the oxidation atmosphere. However, after the decrease in ORP, much of the Fe in the soil became soluble as Fe ion. As Fe preferentially adsorbed on the soil particles, the Na, Ca, and Mg adsorbed on the soil in the initial stage was released and their levels in the sampled water increased. 10) In this later stage, as described by the authors in a previous paper, 10) the increasing pH caused the precipitation of Fe 2 O 3 , which decreased both the adsorbed and dissolved Fe content. As a result of the decreased level of adsorbed Fe, the dissolved Na, Ca, and Mg could be adsorbed. However, in this experiment, the values of pH and ORP in the later stage were not suitable to precipitate Fe 2 O 3 . Therefore, the decrease in Fe, Na, Ca, and Mg in the sampled water was caused by simple depletion through the exchange of water.
The changes in Si content in the sampled water of the experiments for 20 days and 40 days are shown in Fig. 9 . The Si content of DS-F was higher than the other conditions during the experiment, although the difference was not large. It is well known that Si adsorption on soil particles increases as the soil pH rises.
3) However, the Si content of DS-F in the sampled water increased despite high pH levels, which indicates intensive supplementation of Si from fertilizer made of steelmaking slag.
The mass balances of Na and Ca before and after the experiments are shown in Figs. 10 and 11 . The mass of exchangeable cations was calculated by its content in the soil and the mass of the soil loaded in the column (adsorbed by Soil). The total mass in the sampled water was calculated by the integration of its content and the mass of each sample during the experimental period (Sampling Water). The mass in the pore water was calculated by the loaded mass of the soil and water before the start of experiment, but its composition was not analyzed. Therefore, the mass of each cation in the pore water was calculated using its content in the surface water after the experiment (Pore Water). Figure 10 shows the mass balance of Na. The mass of Na in DS was twice that of OS before the experiment. At 20 days and 40 days into the experiment, 60% and 70% of Na, respectively, was rinsed away. This result indicates that most of the Na in DS before the experiment was not the adsorbed Na, because that was easily washed away by water. In this case, the effect of Ca supplementation by the fertilizer made of slag was not clear.
The mass balance of Ca is shown in Fig. 11 . In the fertilizer made of slag, the solid solution of 2CaO·SiO 2 and 3CaO·P 2 O 5 phase (C 2 S-C 3 P), calcium-ferrite phase (CaO-Fe 2 O 3 ), magnesiowüstite phase (MgO-FeO), free lime phase (f·CaO), and metallic Fe phase (M·Fe) were observed beside the matrix phase, as shown in Table 2 . As shown in a previous experiment that investigated the dissolution behavior of each phase in aqueous solution, 23) Ca was mainly supplied from C 2 S-C 3 P and f·CaO. Therefore, the mass of Ca contained in C 2 S-C 3 P and f·CaO phases was calculated using the composition and mass fraction of each phase. The difference between the total mass of Ca and the sum of Ca in C 2 S-C 3 P and f·CaO phases was described as the Ca contained in the other phase.
The mass of Ca in DS was much lower than that in OS before the experiment, because of depletion from the desalting operation. By the application of fertilizer made of slag, the initial mass was recovered, and at 20 days the Ca contained in C 2 S-C 3 P and f·CaO phases was supplied to the soil. The change in Ca at 20 days and 40 days was not obvious. Therefore, most of the Ca in C 2 S-C 3 P and f·CaO phases dissolved quickly. Figure 12 shows the changes in soil pH in 2012. The effect of the application of fertilizer made of slag was clearly observed. The pH range at 40 days was close to that observed with the column test, shown in Fig. 3 , but the decreasing trend with time was not observed in the column test. content was also close to that observed with column test, shown in Fig. 6 , but the effect of the fertilizer application was more clearly observed in the column test. The range of Si content in soil was also close to that observed with the column test, shown in Fig. 9 , but it decreased rapidly with time as the rice plant absorbed it with growth. This trend was difficult to simulate by the column test. The residual effect of the fertilizer was kept observed in 2013, although the additional fertilizer was not applied. Figure 15 shows the changes in Na content of pore water in 2012. The Na contents of soil solution in the plot where the fertilizer was applied were relatively high, and this trend was also observed in the column test, as shown in Fig. 5 . The range of Na content was close to that observed with the column test. From the results above, it is confirmed that the general trend of pore water and soil in the actual paddy can be simulated by the column test, except for the change in Si content with time in pore water. Figure 16 summarizes the yield of brown rice. The application of fertilizer made of slag increased the yield by approximately 7-9% without statistically significant differences, not only in 2012 but also in 2013. The contents of Ca, Na, and Si in the stems and leaves of rice plants are shown in Figs. 17-19 . The fertilizer made of slag increased Ca and Si but the change in Na was not evident. According to these results, fertilizer made of steelmaking slag can improve the damage to rice plants caused by Na ion through the supplementation of Ca, enhancement of the soil nitrogen mineralization by increasing the pH, and acceleration of photosynthesis by the addition of Si. These three effects can significantly increase the yield of brown rice.
Cultivation Experiments in the Paddy
Conclusions
The dissolution behaviors of nutrient elements from fertilizer made of slag were investigated by the column test. The results are summarized below.
(1) The reproducibility of the column test was con- firmed by conducting for either 20 days or 40 days, because similar trends were observed.
(2) The pH values increased over time until they reached a constant near 30 days; they also rose consistently throughout the experiment by the application of fertilizer made of slag. In contrast, the ORP values decreased over time and changed from an oxidation to reduction atmosphere, a trend accelerated by the application of fertilizer made of slag.
(3) The Na content in the pore water of DS was much higher than OS, but decreased through the exchange of water during the experiment. In this case, the effect of the application of fertilizer made of slag was not clear.
(4) The initial Ca content of DS was much lower than that of OS, due to depletion by the desalting operation. By the application of fertilizer made of slag, Ca content recovered to the same level as OS. The Si content of DS with fertilizer made of slag was higher than that of the other conditions during the experiment, although the difference was not large.
Crop cultivation experiments were conducted using actual tsunami-affected paddy fields. The paddy fields were divided into nine plots (20 m × 12 m in width); 200 g/m 2 and 400 g/m 2 of fertilizer made of slag were applied to a part of the rice field in 2012, and then the rice cultivation experiment was conducted. In 2013, the rice cultivation experiment was conducted again without the application of fertilizer made of steelmaking slag. The results are summarized below.
(1) The Ca content in pore water increased by the application of fertilizer made of slag, but the Na content did not change significantly, similar to the trends observed by the column tests. In addition, the incremental trend of silicate contents in the pore water in the slag application plots was similar to the results of the column test a more apparent than.
(2) The brown rice yields increased by approximately 7-9% in 2012 and 2013 with the application of fertilizer made of slag. In addition, the application of the fertilizer increased Ca and Si in the stems and leaves of the rice plants.
On the basis of the above results, the fertilizer made of steelmaking slag can amend the damage to rice plants caused by Na ion through the supplementation of Ca, enhancement of the soil nitrogen mineralization by increasing the pH, and acceleration of photosynthesis by the supplementation of Si. In addition, the column test can be considered as a useful method to predict the effects of the fertilizer made of steelmaking slag on rice cultivation.
